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We present a first principle investigation of the electronic structure and the band gap bowing
parameter of zinc-blende AlxGa1−xN using both local density approximation and screened-exchange
density functional method. The calculated sX-LDA band gaps for GaN and AlN are 95% and 90%
of the experimentally observed values, respectively, while LDA underestimates the gaps to 62% and
70%. In contrast to the gap itself, the band gap bowing parameter is found to be very similar in
sX-LDA and LDA. Because of the difference in the conduction band structure, the direct to indirect
band gap crossover is predicted to occur at different Al concentration.
PACS numbers: 71.15.Mb, 71.20.-b, 71.23.-k, 71.55.Eq
The group-III nitrides have long been stud-
ied for photoelectronic applications, such as
ultraviolet1/blue2/green3 light-emitting diodes and
lasers. The control of emitted light in wide range
frequency is possible by harnessing the large band
gap differences of parent compounds through alloy
fabrication. Therefore, understanding the band gap
behavior of disordered alloys is valuable for designing
materials with desirable properties. There have been
many theoretical works for the band gap dependence
on the alloy concentrations for various semiconductor
alloys. Most of such previous studies were carried out
using local density approximation (LDA) of the density
functional theory. While LDA is reliable in calculating
the atomic relaxation and formation energies of the
semiconductor alloys, the calculation of their band
gaps is hindered by its intrinsic errors in describing
the excited states. There is no clear understanding of
whether the LDA band gap errors in pure bulk crystals
will cause significant errors in the band gap behavior in
the alloy, especially for quantities such as the bowing
parameters.
While the LDA method has severely underestimated
the band gap of pure III-nitrides,4,5 the screened-
exchange density functional method (sX-LDA) has been
successful in many III-V semiconductors.6,7 Implemented
using a Thomas-Fermi screening scheme, sX-LDA im-
proves the LDA band gap similar to that of many-body
GW calculations and also yields the ground state struc-
ture as good as LDA. Although the sX-LDA method has
been systematically studied for simple II-V, III-V, IV-
IV semiconductor compounds, the calculations for more
complicated systems like vacancy, surface and alloys are
relatively scarce. This is partly because the sX-LDA cal-
culation, while computationally cheaper than the GW
method, is still much more expensive than the LDA cal-
culation. In the current work we test the applicability of
sX-LDA for semiconductor alloy systems by comparing
its results with experimental measurements and available
GW calculations. We choose the AlxGa1−xN alloy due to
the intense recent interest on these systems for potential
wide gap device applications. We study AlxGa1−xN al-
loys in zinc-blende structure, and focus on the band gap
bowing and the crossover of direct and indirect band gap.
The calculations were carried out using a plane-
wave basis with Troullier-Martins norm-conserving
pseudopotentials.8 We performed the LDA calculations
both with Ga 3d electrons in the valence and with Ga 3d
electrons in the core but representing their effects with a
nonlinear core correction. We found that, for bulk GaN,
including the Ga 3d electrons in the valence reduces the
band gap by ∼ 0.3 eV. For the sX-LDA calculations,
including 3d electrons in the valence causes a significant
error in the pseudopotential calculations. This is because
the exchange integrals between the 3d wavefunctions and
the 3p, 3s wavefunctions are distorted by the use of the
pseudo-wavefunctions instead of the original all electron
wavefunctions. These effects and the corresponding ways
to correct them will be addressed in a separate paper. In
the current study, we did not include the 3d electrons
in the valence in the sX-LDA calculation. As long as
both calculations are done with Ga 3d electrons in the
core, the comparison between sX-LDA and LDA is valid.
When compared with experimental measurements, the ∼
0.3 eV correction from the GaN side can be added to sX-
LDA results in a posterior process. For III-nitrides, the
valence band maximum state is strongly localized near
N atoms and, as a result, the valence band spin-orbit
splitting is small; e.g., 11 meV for GaN and even smaller
for AlN.9 Subsequently, the spin-orbit coupling was not
included in our calculations.
In Fig. 1, we show the electronic structure of zinc-
blende GaN and AlN calculated from LDA and sX-LDA
both without the Ga 3d states. In these bulk calcula-
tions, the integration over the Brillouin zone was done
by sampling 19 special k-points in an irreducible wedge.
The kinetic energy cutoff in all calculations (including
the alloys) is 70 Ryd. The direct band gap at Γ point
and the indirect band gap atX point are listed in Table I.
Our band structure calculation reveals that zinc-blende
GaN and AlN have band gaps at Γ and X point, respec-
tively. While GaN and AlN crystalize in wurtzite struc-
ture under ambient conditions, GaN has been found in
zinc-blende structure when epitaxially grown10,11, thus
we have calculated zinc-blende structure for the alloys.
In order to compare with experimental band gaps which
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FIG. 1: The electronic band structure of zinc-blende nitrides,
(a) GaN and (b) AlN. The solid lines are the sX-LDA results
and the dashed lines are the LDA results. The bands are
adjusted so that VBM energy is located at zero. Experimental
lattice constant a = 4.5 A˚ for GaN and a = 4.3 A˚ for AlN
were used.
are in wurtzite structure, we need to relate zinc-blende
band gaps to wurtzite band gaps. According to previ-
ous studies,12 the wurtzite Γ point band gap is close to
the zinc-blende Γ point band gap and that the possible
indirect band gap of wurtzite is at U point, which is lo-
cated at two-thirds of the M -L distance away from M
point, with a value similar to the average of the zinc-
blende X and L point band gaps. Since the zinc-blende
L point energy is rather high for AlN, the wurtzite AlN
crystal has a direct band gap,13 which should be com-
pared with the direct band gap of zinc-blende AlN. The
experimental direct band gap of wurtzite GaN scatters
between 3.2-3.35 eV.14–16 Our sX-LDA result, 3.04 eV,
agrees well with the experiments and corresponding GW
band gap.13 On the other hand, LDA underestimates the
gap by ∼ 40 %. For AlN the experimentally measured
direct band gap for wurtzite structure is 6.28 eV,9 and
the sX-LDA zinc-blende Γ point band gap of 5.63 eV is
smaller than experiments and the GW band gap of 6.0
eV. Just as in GaN, the LDA calculation severely under-
estimates band gap of AlN. Another feature in Table I
is the fact that, while sX-LDA band gap at Γ point is
smaller than GW prediction, the X point gap is larger.
The same phenomenon has been observed in other bulk
materials. For example, in GaAs sX-LDA overestimates
the X point energy ∼ 0.4 eV.6 Another effect of sX-LDA
on the band structures of both GaN and AlN is the in-
crease of the valence band width by ∼ 2 eV, which agrees
with the GW calculation.13
Besides the band gap, we also look into the self-
consistent charge density changes from LDA to sX-LDA.
Fig. 2 shows the radially averaged charge density cen-
tered around each constituent atoms in GaN and AlN.
Electrons are highly localized on N atoms and the bond
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FIG. 2: Radially averaged charge density from the constituent
atoms. Solid lines are from sX-LDA and dashed lines are from
LDA.
charge is displaced toward N atoms from its nominal
bond center position. We observe that, within the same
method, the charge density around N atoms does not
significantly change from GaN to AlN. Because the er-
roneous self-interaction in LDA is partially corrected in
sX-LDA, the sX-LDA produces a larger charge transfer
towards the N atoms. Similar effect has been observed
in other semiconductors, such as Si and GaAs, where sX-
LDA produces a stronger bond charge.
To model the disordered zinc-blende AlxGa1−xN alloy
with Al molar fraction 0 < x < 1, we employed special
quasi-random structures (SQSs).17 SQSs are finite model
systems constructed to mimic the radial correlation func-
tions of an infinite random structure. They have been ex-
tensively used to study the electronic structures of alloys.
We considered two classes of model systems of SQS8 and
SQS16. In SQS8 the cell consists of n Al, m Ga, and 8 N
atoms with n+m = 8. In SQS16 the cell contains twice
the number of atoms in SQS8. For each model system,
the lattice constant was inferred from experimental lat-
tice constant using Vegard’s law.18 The equilibrium atom
positions were obtained by minimizing the total energy
within LDA. A total of 16 k-point were used to integrate
over SQS Brillouin zone for SQS8. Table II shows that,
compared with SQS16, the SQS8 LDA band gaps are al-
ready converged. Thus we used SQS8 in our following
calculations. Table II also shows the calculation results
TABLE I: Band gap of zinc-blende GaN and AlN in eV.
LDA sX-LDA GW13
GaN Eg(Γ
v
15 → Γc1) 1.97 3.04 3.1
GaN Eg(Γ
v
15 → Xc1) 3.31 5.05 4.7
AlN Eg(Γ
v
15 → Γc1) 4.39 5.63 6.0
AlN Eg(Γ
v
15 → Xc1) 3.26 5.21 4.9
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FIG. 3: Band gap dependence of AlxGa1−xN on Al molar
fraction x. The energy gap is the difference between the VBM
at Γ point and the CBM at Γ point, filled symbols, or X point,
empty symbols. The quasi-particle GW results are from the
calculation by A. Rubio et al.13
including Ga 3d states in the valence. Qualitatively, they
are similar to the results without including Ga 3d states
in the valence.
We now study the band gap dependence of
AlxGa1−xN on Al concentration, x. We show the band
energy difference between the valence band maximum
(VBM) and the conduction band minimum (CBM) in
Fig. 3. We trace separately the direct Γ point and in-
direct X point band gaps. For X point, since SQS unit
cells have less symmetry than the pure zinc-blende crys-
tal, we averaged the X point energies over the three X
points. The bowing parameters of the direct and the in-
direct optical gaps are given in Table III. Both LDA
and sX-LDA bowing parameters are quite small and are
within the experimentally measured range of 0.6 - 1.0
eV.19–21 Although the experimental discrepancy in the
measured bowing parameter prevents us from making a
more precise comparison, we can conclude that the calcu-
lated sX-LDA and LDA bowing parameters are similar
and that they are both close to experiment. From the
similarity of the sX-LDA and LDA results we infer that
there are no serious consequences due to the band gap er-
ror of LDA in the bowing parameter calculations of these
systems and also that sX-LDA can be reliably applied to
TABLE II: The LDA band gap dependence on SQS cell size
and Ga pseudopotentials. Band gaps (eV) of AlxGa1−xN at
Γ point with Al molar fraction x are listed.
0 0.25 0.5 0.75 1.0
SQS8 without Ga 3d 1.97 2.45 2.97 3.59 4.39
SQS8 with Ga 3d 1.66 2.16 2.72 3.42 4.39
SQS16 without Ga 3d 1.97 2.47 2.96 3.62 4.39
GaN 0.2 0.4 0.6 0.8 AlN
Al molar fraction
-1
0
1
2
3
4
5
6
En
er
gy
 (e
V)
VBM (sX-LDA)
CB Γ (sX-LDA)
CB X (sX-LDA)
VBM (LDA)
CB  Γ (LDA)
CB X (LDA)
FIG. 4: Band edge states of AlxGa1−xN . The reference en-
ergy of each method is the VBM of GaN.
this alloy system.
A distinct feature in Fig. 3 is the crosses of the di-
rect and indirect band gaps and the change of the posi-
tion of this cross introduced by sX-LDA. The LDA result
shows the crossover at x=0.61 while sX-LDA shows it at
x=0.85. To further understand this behaviors, we show
the energy levels of different states separately in Fig. 4.
We have aligned the top of valence band between the
LDA and sX-LDA results. Note that we have changed
the lattice constant of SQS’s at different Al concentra-
tion according to Vegard’s law and, as a result, that the
changes of energy levels reflect the effects of the lattice
constant as well as the Al concentration. First we see
that, after the band alignment, the change of VBM due
to the use of sX-LDA is very small. For the conduction
band Γ point energy, the difference between sX-LDA and
LDA is almost a rigid shift. For the X point, the up shift
at the AlN side is slightly larger than the GaN side. More
importantly, the overall shift for the X point energy is
larger than the Γ point shift. This difference causes the
crossover shifts to a larger x value. Unfortunately, this
larger up-shift for the X point is probably an artifact of
sX-LDA, which stems from its bulk calculation. Thus
this sX-LDA predicted crossover position might not be
reliable. This implies that, although sX-LDA can be
used for alloy calculations, in order to make more ac-
curate quantitative predictions for complex systems, it
is required to improve the bulk band structures over all
TABLE III: AlxGa1−xN bowing parameter for the direct (Γ)
and indirect (X) optical gaps in eV.
bΓ bX
LDA 0.83 0.13
sX-LDA 1.00 0.29
4Brillouin zone, not just at the Γ point. This raises the ne-
cessity of exploring other forms of screening model. Only
after the bulk band structures are improved, sX-LDA can
be reliably applied to larger and more inhomogeneous
systems such as alloys.
In summary, we tested sX-LDA for bulk GaN and
AlN, and found that the calculated band gaps are closed
to the experiments and other quasiparticle GW calcu-
lations. We also calculated the bowing parameter of
AlxGa1−xN and found that, in spite of the large band
gap correction, the bowing parameter is similar in sX-
LDA and LDA. This confirms that both LDA and sX-
LDA is equally reliable for band gap bowing parameter
calculations. We also point out that it is necessary to
further improve the sX-LDA formalism for its bulk band
structures in order to provide quantitative predictions for
other features, such as the Γ-X crossover point.
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